The comparison of the characteristics of an electric arc breakdown in vacuum between two silver or silver-nickel alloy convex electrodes, enabled us to show experimentally that the process initiating discharge invacuum is the electronic emission at the micrometer scale. Increased content of nickel in the alloy improves the insulation and achieves high resistance to erosion for low power arcs. Heating in vacuum demonstrates the multiple layer structure of studied alloys. Secondary electron microscopy and energy dispersing spectroscopy of the electrode surfaces after breakdown, as well as the measurements of fall and delay times, enabled us to evidence the origin of the electric arc.
INTRODUCTION
N addition to its fundamental scientific aspects, the study of electrical conduction mechanisms between two metallic electrodes placed in a rarefied atmosphere, offers a valuable practical means of improving the performance of HV apparatus.
After describing the experimental apparatus, the results of the measurement carried out, the observations made by means of an electronic microscope and analysis by the EDS (energy dispersing spectrometer) of the electrode surfaces after breakdown, will be presented and commented upon.
EXPERIMENTAL APPARATUS
As shown diagrammatically in Figure 1 , it is composed of three separate blocks.
A mechanical structure including a high-vacuum chamber and its pumping block, consisting of a primary pump, a turbomolecular pump and an ion pump.
The pressure measurements are taken with a Bayard and Alpert gauge. The interelectrode gap is adjusted with a micrometer having a resolution of 0.5 pm.
An electrical set including a HV supply of the Brandenburg type (0 to 30 kV and 0 to 1.5 mA), a voltage divider composed of a 1500 MQ resistor in parallel with a capacitor C d of N 0.1 pF; and a 50Q resistor R, for recording the start of the current impulse.
The recording and processing of the electrical signals are carried out by a transient recorder, a computer and a digital memory oscilloscope of 100 MHz sampling frequency.
By increasing the voltage from zero, the supply charges the capacitors Cd,CI and the parasitic capacitance Co. At breakdown, the power necessary to produce the discharge is not totally provided by thc HV supply, as thc clcctric currcnt is limited to 1.5 mA. It is the interelectrode capacitance C1 as well as C d and CO which discharge themselves through the low impedance formed by the discharge between the two electrodes. The voltage drop at breakdown and the current impulse passing through the resistor R are recorded by the equipment.
The pressure during measurements was 1 . 4~ l o p 4 Pa. This has no effect on our measurements, because the medium free path of residual molecules is large enough compared with the electrode gap [l] . The mean value (VIO) of 10 breakdown voltages.
EXPERIMENTAL RESULTS AND
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to conditioning treatment by successive breakdowns at HV in order to eliminate remaining surface contamination. This corresponds to an increase in the breakdown voltage until it reaches a stable value. This increase is due to the evaporation of adsorbed gas and deposits, the cleaning of the electrode surface, and the flattening of microprotrusions on the electrode surface. For a 1 pm gap, and after a series of breakdowns, the mean value of ten breakdown voltages, and the standard deviations, are displayed in Table 1 . The electric field at breakdown defined here by Eo = vo/d (where WO is the breakdown voltage and d is the interelectrode gap) is independent of d ( Figure 3 ). This indicates that the process initiating discharge in vacuum is the electronic emission, which depends strongly on the electric field.
The breakdown plasma results from the interaction of the electronic flow with either electrode. Figure 3 also shows that the electric field at breakdown increases with the nickel content in the alloy. One of the interesting results of this study is the improvement of the insulation of the interelectrode space with the increase in nickel content in the silvernickel alloy. Figure 4 shows that the electric field at breakdown decreases with d. This total voltage effect has been observed by Tatarinova et al. [4] . In fact, the local electrostatic field Eloc at the tip of the microscopic cathode protrusion is highly amplified in comparison to the macroscopic field E,. rapidly. This requires a lower macroscopic field to initiate breakdown than in the previous case.
Miller [5] has shown that at short gap lengths, the field multiplication factor P can be written as
where p , is the value of P when the second electrode is located at a very large distance from the first one in comparison to H , and d is the interelectrode gap. However, for values of d close to that of H , the factor P increases rapidly. Boyle et al. [3] have shown that the electrical breakdown of a gap between metal electrodes in high vacuum occurs when the current flowing between the electrodes exceeds by 65% the field emission current due to the applied field. They also have shown that at some small electrode separation, where the radius of curvature of the surface irregularities is much larger than the electrode separation, the field multiplication factor P must be unity, and the increase in the apparent field at the shortest distance is a consequence of the decrease in the field multiplication factor of surface irregularities.
EFFECT OF RESISTANCE PLACED IN SERIES WITH THE GAP
A large resistance in series with the gap gives a low breakdown voltage ( Figure 5 ). This is due to the fact that the breakdown with low stored energy produces a finely divided metal spray, which roughens the cathode surface and gives a low breakdown voltage. The decrease in the energy dissipated reduces the area of the surface damaged by the arc.
Denholm [2] has shown that both the discharge of the gap capacitance and the breakdown mechanism itself produce a certain roughening on the cathode. He has also found that breakdown with a large resistance in series with the gap roughened the cathode. This caused high prebreakdown current to flow in the subsequent test. The more the cathode roughening, the lower the breakdown voltage.
EFFECT OF HEATING OF ELECTRODES
After several heating cycles of the electrodes at 600°C, where the time of each cycle is represented in the abscissa of Figure 6 , we have observed that, in the case of silver electrodes, heating increases the breakdown voltage until it reaches a constant value. It is believed that degassing and smoothing of the microscopic irregularities of the electrode surface, reduces the field multiplication factor 0, and hence increases the breakdown voltage.
Anidentical behavior has been found by Khalifa [6] and Slivkov [7] . It was shown that heating the electrodes improved the dielectric strength of the vacuum gap more than4 x . This may be ascribed to the smoothing of the microscopic protuberances on the electrode surfaces, as well as to the partial desorption of their surface layers of occluded gases.
In the case of silver-nickel alloys, heating brings the breakdown voltage values of alloys close to that of silver. This is ascribed to the diffu- This is due to the fact that the melting point of silver (961.93"C) is lower than that of nickel (1453°C). These observations reveal the multiple layer structure of these alloys.
In the works of Septier et al. [8] on AI-Li alloys, the authors have observed that lithium which has a lower melting point than aluminum diffuses to the surface by prolonged heating and lowers the work function.
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FALL TIME
The fall time describes the metallic vapor propagation between electrodes. It is defined by the time period during which the voltage decreases from the 90% value down to the 10% value.
In the case of silver electrodes, we have observed that the voltage fall time depends linearly on the gap length, or on the decrease of breakdown field (Figure 7) .
We think the neutralization of the space charge is caused mainly by anode vapor. The electric field slows the displacement of the ions in the vapor front. Therefore, the arc has an anodic origin. The field emission current from The small irregularities on the cathode evaporates anode material and the breakdown occurs in the resulting vapor when the power density at the anode reaches critical value.
In the case of AgNi alloys, the fall time is almost independent of the gap, and therefore independent of the electric field. This reveals that the breakdown results mainly from cathode processes. All positive ions in the vapor front have been pushed back to the cathode and the vapor front propagates in the direction of the anode with its initial velocity. This proves that the arc has a cathode origin. Breakdown is caused by a field emission current emanating from microscopic protrusions on the From the linear representation slope of fall time vs. the gap, we deduced that the propagation velocity of metallic vapor is in the order of lo3 m/s for silver and IO4 m/s for alloys. This is in agreement with the works of Ravari [9] and Color [lo] .
Finally, the low values of the melting point, the latent heat, and the work function of Ag in comparison to those of AgNi alloy, have contributed to the anodic breakdown of silver electrodes, which is characterized by the evaporation and ionization of the anode material under the effect of the electronic bombardment. metallic vapor propagation in the interelectrode space).
DELAY TIME
The delay time is the time necessary to heat and evaporate enough anode material to cause breakdown. It is defined by the time period during which the voltage decreases without a detectable current increase. Figure 8 shows a limited delay time for alloys (< 10 ns) and a slightly higher one in the case of silver. Boyle et al. [3] have measured similar delay times. This confirms that we have anode type arcs in the case of Ag and cathode type arcs in the case of AgNi.
SEM AND EDS OF ELECTRODE SURFACES
The observations of the electrode surfaces by means of an electronic microscope after one breakdown have shown the following.
In the case of a silver anode and a copper cathode, there are several circular pits on the anode surface, which sometimes join together to form one large spot ( Figure 9 ). The observations, as well as the analysis of the electrode surface composition (two representative points) by EDS, have shown several fusion marks of the anode material on the anode (Figure 10 ) and some anode material marks on the cathode (Figures 11  and 12 ). This confirms that the breakdown is anodic and the most important transfer of material is from the anode to the cathode. This is in full agreement with Miller [ll] . He has shown that the breakdown between two electrodes of relatively low melting points material causes fusion of the anode surface and the formation of anode spots.
In the case of a silver-nickel 60/40 cathode and a copper anode, observations by means of an electronic microscope and analysis by EDS have shown that there exist several marks of localized fusion on the cathode surface (Figures 13 and 14) , and a slight deposit of the cathode material on the anode surface (Figures 15 and 16 ). This proves that the breakdown has a cathodic origin and the transfer of material takes place mainly from the cathode to the anode. This is in full agreement with the E* -ixmn works of Kimblin [12] , who has shown that the cathode spots do not induce any important fusion on the cathode surface, because of their mobility and their limited power of dissipation. 
CONCLUSION
HE agreement between our experimental results and that of other T authors, shows that our experimental apparatus is satisfactory in determining the electrical breakdown behavior in vacuum between two electrodes, in accordance with their composition.
We have found that, for silver and silver-nickel alloys, at the micrometer scale, the process initiating discharge in vacuum is electronic emission. The electric field values at the breakdown increase with the nickel content in the alloy This helps to improve the insulation and achieves high resistance to erosion for low power arcs. A resistance placed in series with the gap reduces the breakdown voltage and limits the area of the electrode surfaces affected by this breakdown.
Heating silver electrodes cleans and smoothes the electrode surfaces. In the case of alloys, heating demonstrates their multiple layer structure. The observations through SEM, the analysis by EDS, and the measurements of the fall and delay times enabled us to show the origin of the electric arc for each of the materials studied.
